The chemical digestion of tissue from marine biota for microplastic analysis is currently conducted following a variety of protocols published in scientific literature. Often there is a lack of information on whether and to which degree the applied chemicals are destructive to microplastic particles of various polymer types. In the present study we report that a digestion protocol recently recommended by ICES using nitric and perchloric acid has strong detrimental effects on several common plastic polymers, in particular polyamide and polyurethane and to a lesser degree acrylonitrile butadiene styrene, polymethyl methacrylate and polyvinylchloride. Raman spectroscopic measurements revealed changes in peak occurrence and intensity for several polymers that did not otherwise show visual macroscopic changes. We developed and tested an alkaline digestion protocol in order to preserve small microplastic particles while removing organic tissue material. We recommend this method for the development of guidelines for plastic microplastic monitoring in biota.
Introduction
Plastic is accumulating in the oceans (Eriksen et al., 2014) where as a result of exposure to various environmental stressors (e.g. Ultra Violet light and abrasion), it breaks down to ever-smaller fragments resulting in microplastic. Plastic of all sizes is of potential harm to marine life overlapping with the feeding size spectrum of a wide range of organisms . The quantification of microplastic in the stomachs of various biota is central to assessing the impact and extent of plastic pollution and to determining its pathways through food webs and sinks (Set€ al€ a et al., 2014) . The development of techniques to isolate and characterize microplastic is, however, still in progress and methodologies across different studies are barely standardized. The monitoring of plastics in fish has been integrated into the European Union Marine Strategy Framework Directive (Galgani et al., 2013) and Oslo-Paris Commission (OSPAR) guidelines. OSPAR has requested a common monitoring protocol for plastic particles in fish stomachs, which was provided through a special advice report (ICES, 2015) .
Before microplastic distribution and impacts can be systematically assessed standardized sampling and laboratory techniques are required. A major challenge is the removal of organic matter that is often associated with microplastic particles. This can be both detrital organic matter or in the form of tissue or secretion in the case of samples from living biota. Due to the hydrophobic nature of many plastics organic matter in environmental samples will aggregate on its surfaces to form biofilms. Before microplastic can be characterized, either visually or spectroscopically, the organic matrix must be removed. Various approaches have been developed including: enzymes (Cole et al., 2014) ; bases such as sodium hydroxide (NaOH; Claessens et al., 2013; Cole et al., 2014) or potassium hydroxide (KOH; Foekema et al., 2013) ; alkaline cleaning agents (Strand and Tairova, 2015) ; concentrated acids such as nitric acid or hydrochloric acid (HNO 3 , HCl; Claessens et al., 2013) , or perchloric acid (HClO 4; Zoeter Vanpoucke, 2015) ; oxidants such as hydrogen peroxide (H 2 O 2 ; Nuelle et al., 2014) ; or other bleaching agents such as sodium hypochlorite (NaClO; Sørensen et al., 2013) . A preliminary protocol for the digestion of organic matter in conjunction with microplastic isolation and sample preparation has been issued by ICES. The procedure recommends the usage of a mixture of HNO 3 :HClO 4 (4:1) as digestive agents (ICES, 2015) and had the goal of contributing towards the standardization of current methods. During preparations for national monitoring activities for microplastics in fish stomachs (Lenz et al., 2016) it was decided to follow the ICES recommendations as they aim to harmonize microplastic protocols. During the course of the sample preparations we found indications that the recommended acid combinations had severe effects on a range of common polymers. An assessment of the suitability of the different digestion chemicals used for microplastic isolation was therefore initiated. In this study, we report the results of tests run on a set of 21 common plastic polymers that underwent the tissue digestion treatment following the ICES protocol. For comparison parallel digestions with KOH, NaClO, and a commercially available alkaline cleaning agent were also carried out.
Methods

Plastic resistance to test chemicals
Polymer samples were chosen from a selection of consumer plastic items of which the material or recycling label was visible. Several pieces of roughly 0.5 Â 1 cm in size but with varying thicknesses ($1 mm) were cut and transferred into a separate 8 ml laboratory glass vials with a black butyl/PTFE screw top lid. Further effort to standardize the plastic samples was hindered by the variable properties of the materials such as densities, pliability, and structure (e.g. compact, expanded, or fibrous). A 5-ml aliquot of digestion reagent was added to each vial and the vials were stored upright and unshaken during the testing period. Four different digestion solutions were compared: the recommended acid mix (ICES, 2015) ; a KOH solution; a NaClO solution; and a commercially available industrial cleaning-in-place (CIP) agent (Table 1 ). The effects of the different treatments were documented photographically before the addition of chemicals and after 30 min, 1 h, and 5 h. Following this treatment period at room temperature all samples were exposed to 80 C for 20 min, while still submerged in the digesting agent, as recommended in the ICES advice guidelines (ICES, 2015) and observed changes were documented in the same manner. In the case of the ICES treatment an extra image series was recorded after 10 h to better screen for subtle changes. Observed effects were categorized by severity into four levels (Table 2) .
Raman micro-spectrometry
In order to better evaluate weak chemical changes on the outer matrix of the polymer a selection of samples was measured with Raman micro-spectroscopy after the digestive treatments (5 h plus 20 min at 80 C). The spectra were compared with a spectral library of the same polymers in original condition.
Testing tissue digestion effectiveness
A comparison study was conducted in order to test for digestion effectiveness of fish stomachs among the treatments with: (i) KOH, (ii) NaClO; (iii) KOH and NaClO in combination; and (iv) VIP1. VIP1 is a ready-made solution which contains both KOH (3%) and NaClO (7%) as the main ingredients. This is also the reason for selecting to test each individually for their digestive power first and then later in combination. The cod stomachs tested in this study were caught in the Baltic Sea (Lenz et al., 2016) and weighed between 8 and 22 g. For each gram of tissue, 5 ml test solution (i-iv) was added to the sample respectively contained in a laboratory glass bottles. All treatments were first subjected to a 15 min ultrasonic bath followed by two hours of thorough shaking. The most effective digestion solution was then further diluted to find an optimum i.e. most economical concentration.
Results
ICES acid mix treatment
Examples of the observations from the ICES exposure are shown in Figures 1-4 and are summarized in Table 3 . More comprehensive photographic documentation is presented in the Supplementary Material S1. The strongest effects were observed for polyamide (PA), polyurethane (PU), and a black tire rubber elastomer, all of which were completely dissolved by the acidic treatment. In the case of PA6 the complete dissolution (L4) was observed within seconds to minutes after submersion in the acid mix. Other structurally affected polymers were acrylonitrile butadiene styrene (ABS), polymethyl methacrylate (PMMA), and polyvinyl chloride (PVC). The latter being affected in moderation, mainly colour leaching and softening (L2-L3). The structure of polymer samples of polycarbonate (PC), expanded and solid polystyrene (EPS, PS) and polyethylene terephthalate (PET) was only slightly affected resulting in staining or colour loss (L1). No effects were observed for polypropylene (PP), high-and low-density polyethylene (HDPE, LDPE), ethylene-vinyl acetate (EVA), and polytetrafluoroethylene (PTFE). Heating to 80 C after the digestion period was found to have an exacerbating effect on the polymer destruction in all cases where an initial effect was observed. Raman micro-spectroscopy measurements were performed on all polymer samples, which did not show severe visible changes after the acid mixture treatment. The spectra revealed that apart from ABS (Supplementary Material S2) all remaining polymers had spectra similar to that of the original polymers although some showed signs of degradation or peak shifts (Table 4 ).
Alkaline treatments
All tested polymers were unaffected by the alkaline treatments according to the defined levels (Table 2) during both the individual and combined reagent treatments. The characteristics of acquired Raman spectra, however, differed between treatments (Table 4) . Minimal changes were seen for the 30% dilution 1:1 combined KOH:NaClO solution which was the found optimized protocol.
The polymer samples treated with.pure and saturated KOH solutions exhibited larger spectral deviations and lower quality spectra (Table 4 , Supplementary Material S2). Despite these alterations to the Raman spectra as a result of the digestions all polymer types could still be recognized by comparison with the library of clean spectra from the untreated polymers. Table 5 shows that among all chemicals tested KOH in combination with NaClO had the most satisfactory effect, dissolving sample tissue completely. Either KOH or NaClO alone were not as effective. The VIP1 treatment was nearly comparable although some mucoid sediment remained undissolved. The KOH:NaClO mixture was then tested in three different proportions (IIIa, IIIb, IIIc) of which IIIc (1:1) was found to be optimal. Higher Results are shown for different digestion time incubations at room temperature and for after an additional 20 minutes at 80 C. The final column indicates polymers where no change was evident.
Testing tissue digestion effectiveness
proportions of NaClO caused foam formation, while lower NaClO concentrations reduced the digestion effectiveness (Table  6 ). Finally a diluted version (30%) of the 1:1 KOH:NaClO mixture was tested and found to still be capable of full digestion and offer a more economical working reagent.
Discussion and recommendations
The tests performed here were carried out on macroscopic plastic fragments and one can assume that the detrimental effects documented for the ICES treatment are likely more severe for microplastics due to the comparatively larger surface area and more fragile nature. This is particular relevant for studies investigating microplastic below 300 mm in size. Raman spectroscopic results revealed that several of the treatments had negative effects on the quality of the spectra obtained and therefore could potentially influence the spectral matching of environmental samples to pure polymer spectra. In particular, the spectra of ABS were greatly influenced.
Several of the other tested polymers lost dyes when exposed to the acid mix treatment. Although this was classified only as low 
PTFE
n/a n/a
The spectra measured are presented in the Supplementary Materials. Grey shadings symbolize the degree of spectral matching compared to spectra of the untreated clean polymer. The most effective one is marked in bold.
Extraction of microplastic from biota impact level L1, this increases the likelihood that discoloured microplastics of the concerned polymers are overlooked during visual analyses. The fact that marine microplastics are usually exposed to environmental weathering for extended periods before eventual sampling and isolation (in contrast to the new polymers used in this study) may result in the digestion having more adverse effects than documented here. Environmental weathering from UV degradation is already known to impair microplastic identification . Various studies have already applied the recommended acid mixture (De Witte et al., 2014; Vandermeersch et al., 2015; Zoeter Vanpoucke, 2015) or nitric acid alone (Van Cauwenberghe and Janssen 2014) and are therefore likely to systematically underestimate microplastic abundance and documented polymer diversity. Therefore abundances based on the use of the ICES protocol (ICES, 2015) should be interpreted as a conservative estimate with some bias with respect to polymer detection. The results of this study show the importance of conducting chemical resistance tests prior to a wide application of any microplastic sample digestion protocols and further study on other spectroscopic techniques is warranted.
Another study (Strand and Tairova, 2015) successfully used VIP1 for sediment and tissue digestion purposes. The main digestive ingredients in VIP1 are the same as in the KOH-NaClOmixture and in order to test the VIP1 solution a small quantity of the same batch that the authors originally work with was obtained (J. Strand and Z. Tairova, pers. comm.) . Hence, VIP1 used in the present study was already several months old and has been opened before which makes it likely that active chlorine has deteriorated to some extent. This would mean that the effectiveness was limited and perhaps better results can be obtained when using a fresh VIP1 solution. However, its widespread availability to the scientific community is limited and its actual composition is unknown and this makes it an inappropriate choice for a community-standardized method. The results presented here suggest that due to the widespread availability and effective digestion ability the usage of a 30% KOH:NaClO mixture is the most appropriate and we recommend it therefore as a fast, inexpensive and effective digestion method. For 1 L of reagent 150 ml of saturated KOH solution (1120 g/L) and 150 ml NaClO solution (14% active chlorine) is mixed into 700 ml micro-filtrated water. Although not tested in this study it is likely that this solution is similarly appropriate to remove biofilms, algae, flocculated organic particles and other protein and lipid rich materials of biological origin. The success of the reagent combination also aligns with findings by Strand and Tairova (2015) and Cole et al. (2014) which suggest that the KOH and NaClO are useful as active compounds in digestion protocols for sediment and tissue microplastic samples, as well as biota-rich sea water samples.
The alkaline treatments, both KOH and the optimized 30% KOH:NaClO solution did not impair the identification of the tested polymers by Raman micro-spectrometry. Occurring chemical alterations produced minor peak changes in spectra or elevated background noise levels which however did not mask the original polymer signal. We therefore argue that the presented solution can also be applied for the analysis of small microplastic particles (<300 mm). We recommend it being further compared with enzymatic digestion protocols under aspects of economy, digestion effectiveness and plastic resistance. Having evidenced the complete dissolution of sample tissue in reasonable work time while not impairing the integrity of the most common plastic polymer groups, we argue for the described method being considered in international guidelines targeting the standardization of protocols.
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